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1. Introduction 
Despite the ability of isolated rat-heart mitochon- 
dria to produce HzOz under state 4 conditions [ 1,2] , 
it was concluded that state 4 respiration cannot occur 
in vivo on account of the apparent absence of HzOz- 
destroying enzyme systems [l-S] . In addition, Hz02 
per se was shown to be without effect on such sensitive 
mitochondrial functions as reversed electron flow and 
energy conservation [6]. However, the participation 
of this compound as an essential intermediate in the 
initiation of lipid peroxidation appears to be widely 
established [7-lo] . This concept is in agreement 
with the findings [ 111 , namely that lipid peroxides 
are formed in vivo by a radical-generating system 
involving H202. The existence of these compounds 
in rat-heart mitochondria of living cells poses the 
question as to whether or not mitochondria from 
rat-heart are equipped with enzymes for metaboliz- 
ing H202. This paper reports on the presence of 
catalase in the matrix of rat-heart mitochondria by 
various techniques. 
2. Materials and methods 
Catalase, antimycin A and FCCP were purchased 
from Boehringer, Mannheim; 3-amino-1,2,4 triazole 
from Fluka AC, Switzerland and 3,3’-diamino- 
Abbreviations: FCCP, carbonylcyanidep-trifluoromethoxy- 
phenylhydrazone; HEPES, N-2-hydroxyethylpiperazine-N’-2-. 
ethanesulfonic acid; SMP, submitochondrial particles 
benzidine tetrahydrochloride from Schuchardt GmbH, 
Munich. Rat-heart mitochondria were prepared as in 
[ 121 . Disruption of mitochondrial membranes was 
carried out by sonicating batches of 0.7 ml in 
Netheler cups (10 mg/ml) at 40 W with a Branson 
sonitier. Sonication for 40 s was performed in bursts 
of 3 s, with cooling to 0°C in the intervals. Sub- 
mitochondrial particles (SMP) and supernatants from 
high-speed centrifugation were prepared as in [ 1 l] . 
Protein was determined by a modified biuret method 
[ 131 . Oxygen was determined polarographically 
using a micro Clark-type electrode. 
3. Results and discussion 
3 .l . Polarographic measurement of catalase activity 
The addition of freshly isolated rat-heart mitochon- 
dria to an anaerobic solution containing 5 mM HzOz 
results in a slow rate of O2 formation (fig.1 A). Ultra- 
sonic disruption of the mitochondrial membrane 
stimulated O2 production 3%S-fold, suggesting the 
existence of diffusion barriers, as already known 
from studies with peroxisomes [ 141. The identity 
of the enzyme was tested by its sensitivity towards 
KCN and HNa. EDTA had no effect on hydrogen 
peroxide metabolism, indicating that the presence 
of iron or similar metallic ions is not critical. The 
protein nature of the catalyst has been demonstrated 
by the destruction of HzOl-decomposing activity by 
heating mitochondria for 1 h at 70°C (fig.lB). Mito- 
chondria isolated from rats pretreated with 3-amino- 
1,2,4 triazole (0.13 g/100 g body wt), which is a 
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Fig.1. Existence and characterization of mitochondrial 
H,O, decomposition. H,O, was added to a reaction medium 
(0.25 M sucrose, 50 mM HEPES, 2 mM EDTA, pH 7.4) 
equilibrated with oxygen-free nitrogen at 25°C. Rates of 
H,O, decomposition following the addition of intact or 
sonicated mitochondria were followed by the rate of 0, 
accumulation in the buffer. The same inhibitory effect of 
CN- was also obtained with HN,. All solutions added were 
in equilibrium with N,. Other details are given in the text. 
specific inhibitor of catalase [ 151 , were 95% less 
active in producing Oa from HzOz. Ultrasonic treat- 
ment of this mitochondrial preparation failed to 
stimulate HaOz decomposition (fig.lC). These 
observations strongly support the assumption that 
the catalyst under study is identical with catalase. 
3.2. Spectrophotometric detection of the catalase- 
H202-mtemedlate 
When a constant rate of Hz02 generation is 
maintained in microorganisms [ 16,171 or in perfused 
rat liver [18,19] , a steady state concentration of the 
catalase-H,Oz intermediate (compound I) is estab- 
lished and can be measured at AAbm__640 nm. The ability 
to form this compound was taken as evidence for 
the existence of catalase in the preparation. Genera- 
tion of HzOa was initiated in FCCP-uncoupled 
succinate-respiring rat-heart mitochondria following 
the addition of antimycin A [ 1 l] . A small absorbance 
increase indicated the formation of compound I 
(fig.2A). Addition of 0.8 mM methanol revealed the 
existence of the catalase-HaOa complex by causing 
the absorbance to return to its original level [20]. 
The catalase-HzOz intermediate could not be 
generated in the absence of antimycin A because no 
Ha02 is produced (fig.2B). Additional evidence 
indicating that the M660_-640 results from the 
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Fig.2. Steady state of catalase-H,O, intermediate. 
(A) 0.8 mg mitochondria were suspended in a buffer 
(0.25 M sucrose, 50 mM HEPES, 2 mM EDTA, pH 7.4) 
saturated with oxygen at 25°C. H,O, formation was 
initiated on addition of 0.5 clg antimycin A, after mitochon- 
dria were supplemented with 6 mM succinate and 10 pg 
FCCP. The formation and steady state of compound I was 
followed at 660-640 nm in a dual-wavelength spectro- 
photometer (American Instrument Company, MD). (B) Con- 
ditions were those of (A), except for the lack of antimycin A, 
which was replaced by an aliquot of the buffer. (C) Rat-heart 
mitochondria were prepared 2 h after intraperitonal injec- 
tion of 3-amino-1,2,4 triazole; other conditions are given 
under (A). The traces are representative of 16 (A), 6 (B) and 
5 (C) experiments. 
change in steady state concentration of the catalase- 
HsOs intermediate comes from the use of 3-amino- 
1,2,4 triazole. Mitochondria prepared 2 h after an 
intraperitoneal injection of the substance exhibited 
no detectable antimycin A- or methanol-induced 
absorbance change (fig.2C). The capacity of the 
preparation for HsOa-formation however, was not 
affected by 3-amino-1,2,4 triazole pretreatment. 
This was tested in a separate experiment by follow- 
ing the rate of fluorescence decrease of reduced 
scopoletin in the presence of horseradish peroxidase 
[4,211. 
3.3. Localization of catalase within the mito- 
chondn’on 
From the evident increase in catalase activity after 
ultrasonic disruption of the membrane (fig.l), one 
might conclude that the nzyme is located in the 
matrix space of the mitochondria. If this were the case, 
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then either HzOz diffusion from the solution to the 
enzyme or oxygen diffusion from the enzyme into 
the solution would be limited as long as the enzyme 
is embedded within the membrane. The following 
experiments were performed to investigate the 
permeability of the mitochondrial membrane with 
regard to HaOa. The cytochromes of freshly isolated 
rat-heart mitochondria were reduced by the addition 
of succinate; oxygen was removed by saturating 
the suspension with oxygen-free nitrogen. Introduc- 
tion of HZOz into the reference cuvette in the dual- 
wavelength spectrophotometer esulted in an 
immediate oxidation of the cytochromes, which was 
indicated by the appearance of difference spectra 
(fig.3). The increase of cytochrome oxidation was 
found to depend on the HaOz concentration in the 
medium. In the presence of 110 PM HzOZ, the 
increase of cytochrome ctcr oxidation did not 
exceed 40% of the maxima which were obtained after 
having bubbled the suspension with oxygen or after 
the addition of a small amount of exogeneous catalase. 
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Fig.3. Oxidation of the cytochromes at different concentra- 
tions of H,O,. Freshly-prepared mitochondria, 0.65 mg, were 
suspended in 0.5 ml anaerobic sucrose buffer and allowed to 
react with 6 mM succinate 2 min prior to the addition of an 
anaerobic solution of H,O,. The difference spectra were 
measured immediately after the introduction of H,O, into 
the reference cuvette of a dual-wavelength spectrophotometer. 
The cuvettes were closed with gas-tight covers. The spectra at 
different concentrations of H,O, (the numbers associated 
with the curves represent mM H,O,) were each obtained with 
another mitochondrial suspension. The spectra are represen- 
tative of 12 experiments. Further details are given in the text. 
Difference spectra became maximal at this concen- 
tration range of HzOz, as when ultrasonically-treated 
rat-heart mitochondria were used. Additional amounts 
of catalase were in this case without effect. The 
increase in cytochrome oxidation as a function of 
Hz02 concentration is consistent with the supposition 
that the mitochondrial membrane presents a barrier 
for HzO? diffusion to catalase and, second, that this 
barrier is no longer in existence when the enzyme is 
released into the solution after sonic disruption of 
the membrane. Further support for this concept 
comes from the fact that the cytochromes of intact 
rat-heart mitochondria do not become fully oxidized 
in the presence of relatively high concentrations of 
H,O,. For example, 1.9 mM HZOz should yield 
0.95 mM oxygen on total decomposition, assuming 
that the accessibility of catalase for HzOz is not 
critical. This oxygen concentration is about 4 times 
higher than that of a solution in equilibrium with air 
at 25°C and exceeds the Km of the electron transport 
chain for O2 by a factor of IO3 [22,23] . Oxygen 
diffusion across the mitochondrial membrane from 
the matrix into solution (using intact rat-heart mito- 
chondria) and vice-versa (using ultrasonically-treated 
rat-heart mitochondria) was tested as a function of 
mitochondrial respiration in an anaerobic solution 
containing H202 as the only source of oxygen (fig. 
not shown). Addition of succinate (state 1 - state 4 
transition) and ADP (state 4 - state 3) as well as 
uncoupling of the respiration, was each accompanied 
by a check to the accumulation of oxygen in the 
solution. Furthermore, a decrease in oxygen concen- 
tration was seen when ultrasonically-treated rat-heart 
mitochondria were supplemented with succinate. 
Oxygen consumption was measured in another set of 
experiments under the above conditions in an aerobic 
suspension. The amounts of oxygen used for state 4 
and state 3 respiration, respectively, were found to be 
in the same range as those calculated from the decrease 
of oxygen production from HzOz in the anaerobic 
buffer system. One may conclude from these data 
that the oxygen flux through the mitochondrial 
membrane is under the control of oxygen-consuming 
processes, and not limited by the membrane itself. 
The apparently low activity of catalase as measured 
in intact mitochoqdria may therefore be explained as 
a result of the spatial separation of the enzyme from 
its substrate by the inner membrane, which appears 
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to impose an imperfect permeability barrier to HsOs. 
The existence of catalase in the matrix of mito- 
chondria was further established by the change of 
catalase activity in following repeated sonication and 
washing (SMP). As demonstrated in fig.4 the specific 
activity of catalase in SMP decreases after each wash, 
while its activity in the supernatant after high-speed 
centrifugation increases markedly. Further evidence 
for the existence and localization of catalase comes 
from cytochemical investigations with crude mito- 
chondrial fractions, using the alkaline diamino- 
benzidine technique for visualization of peroxidatic 
activity of catalase [24] . Figure 5 shows the lectron 
micrograph of a mitochondrial preparation incubated 
in diaminobenzidine-HzOz medium at pH 10.5. 
Alkaline conditions were chosen to prevent a reac- 
tion with cytochrome oxidase [25,26]. The prepa- 
ration revealed no peroxisomal contamination; the 
reaction products of oxidation of diaminobenzidine 
(dark spots) are localized exclusively within the 
mitochondrial matrix. The cytochemical detection 
10 5 
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1 2 3 4 
number of washq and htgh-speed 
centr!fugatm procedures 
Fig.4. Release of catalase from rat-heart mitochondria into 
the supernatant from high-speed centrifugation after repeated 
sonication and washing. Specific activities of catalase were 
measured in the amount of supematant which was recovered 
from corresponding mitochondrial particles after high-speed 
centrifugation. The total release of catalase into the super- 
natant after consecutive washings was calculated as the sum 
of the actual and preceding activities. 
Fig.5. Electron micrograph of a section of a glutaraldehyde-fixed mitochondrial fraction in 10v4 M 3,3’-diaminobenzidine and 
10-r M H,O,, pH 10.5 (X 50 000). For more methodical details see [26]. 
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of catalase not only supports the biochemical findings 
but also the interpretations that catalase is indeed 
present in the matrix of rat-heart mitochondria, and 
not as a contaminant by peroxisomes. 
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